carefully excised song system nuclei from male zebra finches. The song system is a discrete, interconnected group of neurons in the brain of songbirds that mediates singing behavior . Our results Summary demonstrate an antibody whose staining pattern is highly specific to the song system of some estrildine This paper describes a monoclonal antibody that recognizes a molecule whose expression is mostly refinches (family Estrildidae of Africa and the South Pacific, including the zebra, Bengalese, and spice finches). stricted to some of the forebrain areas that control singing behavior in adult estrildine species studied, Labeled cells within the song system are cleanly compartmentalized and show very little overlap with other, including the zebra, Bengalese, and spice finches. When the song system displays extreme sexual dimorunrelated brain areas. Since our antibody does not stain the song system of canaries, it may be that estrildine phism, as in these species, antibody staining occurs only in the male's song nuclei. However, protein exfinches represent an exception to Clayton's postulated combinatorial principle of molecular organization of the pression is identical in both sexes of estrildine finches, in which females also have a well-developed song sysbrain. In any case, our results clearly show that unique molecules do exist to identify specific brain areas that tem. Canaries appear to lack the protein, but it can be induced in female zebra finches by early estrogen are functionally linked. Moreover, the highly restricted temporal and spatial expression pattern among certain treatment. Antibody staining patterns in the zebra finch show that the protein's expression is developsong nuclei points to shared molecular mechanisms that were involved in the formation of their respective mentally regulated to coincide with the abrupt increase in the volume and cell size of the male's or the pathways. for only a few clusters of neurons that are grouped toHowever, the results are compromised somewhat by the gether to form distinct nuclei. Very few, and randomly occurrence of some overlapping distributions to other scattered, labeled cells were observed throughout the unrelated parts of the brain. This is further compounded rest of the brain. At the cellular level, immunostaining by the lack of a clear anatomical definition of the limbic was restricted to the nucleus of neurons; hence we will system. The paucity of references on this subject indirefer to the antigen that our antibody recognizes as the cates that such molecular signatures are either very rare, Song system Nuclear Ag (SNAg). difficult to isolate, or both. For example, when Clayton
antibody. Apparently, the epitope is irreversibly destroyed when the sections are first dried since sections from properly perfused brain tissue also did not bind the antibody if mounted on slides and left to dry before immunoreacting.
Anti-SNAg Robustly Stains the Song System in Adult Male Zebra Finches
To determine the specificity, pattern, and variability of anti-SNAg staining, ten adult male zebra finches (Ͼ100 days old, post-hatching) were randomly selected from a colony cage and perfused with the best limited-fixation protocol (see Experimental Procedures). In all cases, SNAg immunoreactivity (IR) was intense and localized to only certain nuclei within the song system circuit. The staining patterns and relative intensities between labeled areas were the same among all subjects. The lateral magnocellular nucleus of the anterior neostriatum (LMAN) was the most completely and strongly labeled. All of the immunoreactive cells here were confined within the Nissl-defined borders of the nucleus, while most of the surrounding tissue that comprises the rest of the anterior telencephalon was devoid of any labeled cells ( Figure 1A ). In coronal sections, a thin strip of immunopositive cells was also seen next to LMAN, and we identified this as the medial magnocellular nucleus of the anterior neostriatum (mMAN).
In the posterior portion of the telencephalon, the hyperstriatum ventrale, pars caudale (HVc) or high vocal center (HVC) (Figure 1B) , the interfacialis nucleus of the however, only a few cells were labeled, and they were widely scattered throughout the nucleus. In all of the other song system areas in the adult male, including area X, the dorsolateral nucleus of the medial thalamus hatching development in roughly three phases (see Dis-(DLM), and the uvaeform nucleus (Uva), SNAg-IR was cussion). During this time, nuclear volumes and cell undetectable. Also, the hypoglossal nucleus, which consizes, especially in HVc and RA, change dramatically tains the vocal neurons that innervate the syrinx (nXIIts), (Konishi and Akutagawa, 1985) . We therefore investidid not show any antibody staining (Figure 2-2 LMAN, Nif, and RA occurred abruptly, intensely, and To determine the extent of anti-SNAg labeling, lightly simultaneously (n ϭ 5). Several birds (n ϭ 4) were also fixed tissue samples from the adult male zebra finch examined at slightly younger ages, but in no case did (n ϭ 2) spleen, testes, and liver were sectioned at 30 we find evidence of a gradual increase of antibody stainm and probed with the antibody. In all of these cases, ing over time, or an instance of one song system area no labeling was ever detected (data not shown), indicatbeing labeled first before any others. In addition, the ing that SNAg occurs primarily, if not exclusively, in the relative number of anti-SNAg-labeled cells (determined brain.
by nor novel stained areas in the hormone-treated female. Consistent with the idea of a critical period for hormone action, estrogen treatment of normal adult females (n ϭ 4) failed to masculinize any part of the atrophied song system, and also did not induce any SNAg expression (data not shown). Several female zebra finches (n ϭ 2) were also treated with estrogen at hatching, and then their hormone pellets were removed at 15 days of age. Previous experience has shown that the pellet needs to be in place for at least 15 days in order to fully masculinize the female's song system (our unpublished observations, but see also Pohl-Apel and Sossinka, 1984; AdkinsRegan and Ascenzi, 1987). However, this manipulation did not alter either the timing of the song system differentiation or the age of the onset of SNAg-IR. In males, neither exogenous estrogen (n ϭ 3) or testosterone (n ϭ 4) in hatchlings nor bilateral castrations at 15 days of age (n ϭ 3) altered either the timing or relative amounts of SNAg-IR that occur later in development.
Taxonomic Differences in Anti-SNAg Staining
We investigated whether SNAg expression occurs primarily in songbird species like zebra finches that possess a highly dimorphic song system. In two other species of estrildine finches, the Bengalese finch (Lonchura striata) and the spice finch (Lonchura punctulata), their adult song systems are also highly sexually dimorphic. The antibody labeling pattern in both of these species was nearly identical to that in the zebra finch. Very strong and highly localized antibody labeling occurred in LMAN (Figure 4-2: B1 and B2), Nif, HVc, and RA of the adult males (n ϭ 5), whereas these same areas in the adult female (n ϭ 5) showed no labeled cells at all. The same anti-SNAg did not produce any labeled cells anywhere in eration. This also provided a convenient internal control, whereby any novel band(s) that may be precipitated the rodent brain (data not shown).
should reflect the fixation test results seen on vibratomecut sections. In this experiment, vibratome sections of SNAg Is Highly Specific but Not Exclusive fresh, unfixed adult male zebra finches were first subto the Song System jected to varying fixation conditions before reacting While the vast majority of antibody-labeled cells were them with anti-SNAg (see Experimental Procedures). In restricted to only a few but well-demarcated areas of the this way, the optimum binding conditions for the antisong system, a few labeled cells could also be detected body were determined ( Figure 7A ), and the results apoutside of it. The occurrence and location of these laplied toward the immunoprecipitation experiments. The beled cells were highly variable from bird to bird, were results revealed a band whose emergence was both usually only weakly immunoreactive, and they were typifixation dependent and tissue specific ( Figure 7B ). Simically very widely scattered. The notable exception was lar to the results on fixed tissue sections, the intensities one of the lemniscal nuclei in the hindbrain, which we of the band varied with the fixation of the homogenate, tentatively identified as the nucleus ventralis lemnisci with the highest antibody-antigen affinity obtained after interalis, pars anterior (VLVa perimental Procedures) using alkaline phosphatase or signed to take the degree of fixation into special consid-in less than 2 min at 37ЊC. Even at concentrations as low as 25 g/ml, the sections were rendered too fragile to handle after only 10 min of incubation time. However, using a control monoclonal antibody against a phosphorylated neurofilament epitope (Zymed) did show diminution of immunostaining on our sections after 3 hr of alkaline phosphatase digestion without prior treatment with trypsin.
Western Blots
Homogenates of adult male zebra finch telencephalon, adult female telencephalon, or cerebellum tissue all failed to show any specific staining on conventional Western blots (data not shown). Attempts to fix either the homogenates, acrylamide gels, or nitrocellulose filters after transfer of the proteins were also unsuccessful and probably reflect the highly stringent fixation conditions for the antibody to bind to SNAg.
Discussion
This paper shows the existence of an antigen whose distribution is highly specific to a discrete set of interconnected brain areas that controls a specific behavior. in their brains at that point in development. In fact, several critical changes are known to occur during this time period. Until about 35 days after hatching, both male and female zebra finch chicks possess a song system peptide-N-glycosidase F failed to diminish immunostaining with anti-SNAg (data not shown). Even with whose neurons are still somewhat small in size and densely packed within their respective nuclei, with the very high concentrations of the enzyme (Ͼ 67 U/ml calf intestinal alkaline phosphatase, Ͼ 6 U/ml PNGase F), or exception of the female's area X, which is not recognizable. At around 30-35 days of age, the male song system prolonged incubation times (up to 3 days), the staining intensities of test sections were just as strong to siderapidly grows in nuclear volume, interneuronal spacing, and soma size, especially in HVc and RA. During this by-side control sections that did not receive any enzyme treatment. Prior treatment of the sections with dilute same period, the corresponding areas in the female brain undergo gradual atrophy and cell death (Konishi trypsin (400 g/ml), which has been reported to facilitate alkaline phosphatase digestion ( Figures 6A and 6B) . two weeks after the last suppression, and spleen cells for fusion were harvested four days later. Supernatants from the resulting hybridomas were tested on 30 m thick sections of immersion-fixed adult male zebra finch brains that were cut on a freezing microtome.
SNAg Is a Molecular Signature of a Specific Brain Circuit Antibody Binding Conditions
The ability of the brain to produce coherent, coordinated g/ml PMSF, 1 g/ml aprotinin (Sigma), 1% Nonidet P-40, and 0.5% double stained only when both labels were clearly colocalized within sodium deoxycholate. After homogenization, the samples were sonthe same neuron and in the same focal plane.
icated and centrifuged at 12,000 ϫ g for 20 min at 4ЊC. The supernatants were transferred to a clean tube and the total protein in each Immunoprecipitation of SNAg sample preparation was quantified using a Beckman spectrophoFresh LMAN and cerebellum (Cb) tissue were carefully excised from tometer and BioRad's Protein Quantification kit. Each sample prepaapproximately 50 adult male zebra finches and stored immediately ration was concentration matched and 75 g of each homogenate in separate vials in liquid nitrogen after each dissection. Approxiwas loaded, electrophoresed on a 7.5% SDS-polyacrylamide gel, mately 0.5 g of each tissue type was homogenized (using a Polytron and transferred to a nitrocellulose filter. Subsequently, the nitrocelhomogenizer) in 10 ml of a solution consisting of 50 mM Tris-HCl lulose was blocked for 1 hr in 25 mM PB, 1ϫ casein solution (Vector (pH 8.0), 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 100 g/ml Labs), 0.1% Tween-20, then incubated in the anti-SNAg supernatant PMSF, 1 g/ml aprotinin, 1 g/ml leupeptin, 0.5% turkey egg-white overnight at 4ЊC. After rinsing over 30 min in PB-Tween-20, the trypsin inhibitor, 1% NP-40, and 0.5% sodium-deoxycholate. The nitrocellulose was incubated for 1 hr in a biotinylated anti-mouse homogenates were briefly sonicated and centrifuged at 12,000 ϫ g IgM (1.5 g/ml, Vector Labs), washed again, then treated with the for 30 min at 4ЊC. Supernatants were carefully removed and the Vectastain ABC-AmP reagents. Substrate development with either volumes were adjusted so that both the LMAN and Cb homogenates NBT/BCIP for alkaline phosphatase or chemiluminescence with Duowere concentration matched to approximately 1 mg/ml, using a Lux (Vector) both failed to produce any specific band(s) in the male Beckman spectrophotometer and a BioRad protein quantification brain, as compared to either the female or cerebellum tissue. In kit. Two milliliters of the LMAN and Cb homogenates were removed addition, other modifications were attempted where either the hoand set aside as "0-fixed" samples. To the remaining 10 ml of fluid, mogenate, polyacrylamide gel, or nitrocellulose after the transfer 10 ml of freshly prepared 4% paraformaldehyde in 25 mM PB was was fixed in 2% paraformaldehyde in 25 mM PB for 30 min, washed, added slowly with constant stirring. At intervals of 5, 15, 30, 45, and then incubated with the antibody. As before, no specific signal was 60 min, 2 ml aliquots were removed and immediately diluted with ever detected on the Western blots. 18 ml of cold 25 mM PB. The "0-fixed" sample was also diluted in the same way. All homogenate samples were subsequently dialyzed overnight in 25 mM PB containing 0.05% sodium azide. The followEstrogen-Treated Females 17-␤ Estradiol (Sigma) was mixed with silastic rubber (Dow Corning ing day, a 10 ml sample was transferred to a beaker, and 200 l of anti-SNAg supernatant was added with gentle stirring for 1 hr, RTV-738) in a ratio of 1 part hormone to 11 parts silastic (Gurney, 1981). The slurry was back loaded into a 1 ml disposable syringe followed by the addition of 50 l of rabbit, anti-mouse IgM (Zymed, 0.5 mg/ml) for an additional hour. After incubation with the secondand extruded in "ropes" onto a glass slide through a 19G needle. The ropes were allowed to cure to 2-3 weeks in a 37ЊC oven, and ary antibody, 100 l of Protein A-positive staphylococcus aureus cells (Cowan I strain, Boehringer-Mannheim/Roche) was added and cut into 1 mm lengths (approximately 50 g estrogen). The estrogen pellets were implanted subcutaneously over the breast muscle in gently mixed for 1 hr. The mixture was then separated on a clinical centrifuge for 5 min at high speed, decanted, and washed three female zebra finch hatchlings. The presence of the pellet was always confirmed in the adult birds before any experimental procedures times in 25 mM PB-0.5% Tween-20 over 30 min. After the last wash, the pellet was suspended in 1 ml of PB-Tween-20, and transferred were pursued. All experiments were performed under the guidelines established by NIH under the auspices of the Laboratory Animal to a 1.5 ml Eppendorf tube and centrifuged at 12,000 ϫ g for 10 min. The supernatant was discarded, and the final pellet was resusResource Facility of the California Institute of Technology.
